Gasoline direct injection (GDI) sprays are complex multiphase flows. When compared to multi-hole diesel sprays, the plumes are closely spaced, and the sprays are more likely to interact. The effects of multi-jet interaction on entrainment and spray targeting can be influenced by small variations in the mass fluxes from the holes, which in turn depend on transients in the needle movement and small-scale details of the internal geometry. In this paper, we present a comprehensive overview of a multi-institutional effort to experimentally characterize the internal geometry and near-nozzle flow of the Engine Combustion Network (ECN) Spray G gasoline injector. In order to develop a complete picture of the near-nozzle flow, a standardized setup was shared between facilities. A wide range of techniques were employed, including both x-ray and visible-light diagnostics. The novel aspects of this work include both new experimental measurements, and a comparison of the results across different techniques and facilities. The breadth and depth of the data reveal phenomena which were not apparent from analysis of the individual data sets. We show that plume-to-plume variations in the mass fluxes from the holes can cause large-scale asymmetries in the entrainment field and spray structure.
Introduction
As emissions regulations continue to tighten and internal combustion technology continues to improve, better understanding of fuel injection is needed. Improving engine efficiency through the design of direct fuel injection systems has received a great deal of attention over the last 20 years, both in diesel and gasoline combustion [1] . 5 The nozzle geometry and internal flow dynamics have a direct effect on spray atomization and entrainment [2] . This affects evaporation, mixing, and combustion [3] . Improvements which can be realized at the injection stage have the potential to contribute to emissions reductions [4] and increased efficiency. For example, recent measurements by Zhang et al. [5] have shown that gasoline injectors with laser-drilled and electro-discharge machined (EDM) holes can experience spray collapse at different conditions, and this has a measurable effect 10 on soot emissions. This paper focuses on the commonly-used multi-hole valve-covered-orifice type gasoline direct injector (GDI). GDI spray measurements are challenging for a variety of reasons. The plumes are closely spaced and have a tendency to merge or collapse [6] [7] [8] [9] . It is difficult to optically access individual plumes. Strong entrainment effects and persistent unsteadiness in the spray after the needle reaches full lift limit the usefulness 15 of steady-state analysis [10] [11] [12] [13] . Flash-evaporation of the spray under low ambient pressure conditions is also possible when the ambient pressure is low and fuel temperature is high [14, 15] .
GDI systems have been studied experimentally for over 25 years; much of the available data has been obtained from optically accessible engines or spray and combustion vessels [16, 17] . Intrusive techniques such as rate of injection (ROI), rate of momentum (ROM) and mechanical patternation are well established [18, 19] . 20 A wide range of non-intrusive diagnostics have also been employed to study the spray and entrainment field. These include schlieren and shadowgraphy, Mie and Rayleigh scattering [17, [20] [21] [22] , diffuse backlit illumination (DBI) [23] [24] [25] , particle image velocimetry [12, 26, 27] , laser absorption scattering [28] , Raman spectroscopy [29] and laser induced fluorescence (LIF) [30] [31] [32] [33] among others. Phase doppler interferometry (PDI) is also commonly used to measure droplet size and velocity where the flow is sufficiently dilute [21, 22, 25 
34-39].
In addition to visible-light techniques, x-ray diagnostics have also been applied to GDI in recent years, using both bench-top [40] [41] [42] [43] and synchrotron sources [44] . X-rays are able to penetrate dense sprays close to the nozzle where multiple scattering makes visible light imaging difficult [45] . High-energy x-rays can penetrate the metal of the nozzle to reveal the internal geometry [46] . The high flux from a synchrotron 30 x-ray source enables single shot measurements with sub-microsecond time resolution [47] . Time-resolved radiography [44] provides quantitative measurements of liquid mass under non-evaporative conditions, and time-resolved tomography [48] provides quantitative planar density measurements through dense multi-jet sprays, revealing plume-plume interactions and shot-to-shot variations. Recently, Li et al. [49] have used ultra-fast auto-correlation x-ray phase contrast imaging to measure the velocity of liquid structures in the 35 near-field of GDI sprays.
In order to obtain a complete picture of the internal and near nozzle flow of GDI nozzles, a multitechnique, multi-institutional approach is required, since no single technique can provide all the necessary data [17] . However, the multitude of boundary and initial conditions make it difficult to compare the findings of one study to another. The Engine Combustion Network (ECN) seeks to address the problem of facility 40 limitations and variability through the specification of standard injectors and conditions [50] . Prior ECN work on diesel direct injection [45, 51] has now been extended to encompass GDI through the Spray G specification.
The ECN also provides a central experimental resource for model validation under well-defined conditions.
Modeling forms a cruicial component of GDI research [52, 53] . A range of models for injector internal and 45 near-nozzle flow continue to be developed, including volume-of-fluid methods [54, 55] , mixed-fluid models [56, 57] , and others. Recent simulations of Spray G suggest that complex transients in the vorticity of the sac flow play an important role in dictating the unsteadiness of the exit flow conditions and the mass balance between the plumes [58] .
In this paper, we present a comprehensive overview of the internal and near-nozzle flow of the ECN Spray
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G injector. A wide range of techniques from multiple institutions have been used, including x-ray tomography, x-ray radiography, ROI, ROM, PDI, and LIF, among others. These new data build upon previously published work, including diffused backlit imaging (DBI), liquid and vapor penetration data from Manin et al. [24] and Payri et al. [9] , Mie and Rayleigh scattering data from Blessinger et al [23] , and ROI and ROM data presented by Payri et al. [19, 59] . Numerical simulations of the internal and near-nozzle flow are also used 55 to explain trends in the experimental data, although a complete discussion of simulation efforts for Spray G is outside the scope of this paper. The focus is on internal and near-nozzle measurements under non-flashing conditions. The effects of flash-boiling and evaporation are topics of ongoing research that will be covered in future work. The data presented in this paper are available as a reference for modelers, and can be shared upon request. 60 
The Spray G injector
The ECN Spray G injector is a nominally axisymmetric eight-hole solenoid driven gasoline direct injector with a standard mini-sac form factor (see Fig. 1a-b) . A set of 12 nominally identical injectors are available; these have been characterized using mechanical patternation, ROI, and backlit spray imaging following SAE J2715 protocol [60] . The six best-matched injectors were selected and circulated amongst participating 65 institutions. Standard electronic driver boxes were supplied with each injector, in order to standardize the command signal delivered to the solenoid. This ensures a matched ramp rate and needle lift profile. A short injection duration of 680̀s was specified. In order to investigate persistent unsteady spray behavior, longer injections of 2 to 3 ms were also investigated.
The Spray G experimental standard was defined for these injectors using iso-octane at 363K / 90
• C and at 573K / 300 • C and 6 bar was specified as the Spray G standard. The x-ray experiments conducted at the Advanced Photon Source (APS) at Argonne National Laboratory were restricted to non-evaporative conditions at room temperature for both the ambient gas and fuel. The chamber pressure was lowered to 3.15 bar, to match ambient density. A low-volatility gasoline surrogate (Viscor 16br, Rock Valley Oil &
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Chemical Company) with a cerium contrast agent (Rhodia DPX9, 9:1 v/v, 4.4% Ce by weight) was used.
The fuel properties and conditions for the Argonne experiments are also shown in the right-hand column of Table 1 . All other experiments presented in this paper conform to the nominal Spray G conditions.
Geometric characterization

Static x-ray tomography
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The internal geometry of Spray G injector AV67-028 was characterized using high-resolution x-ray tomography at the 7-BM beamline of the APS at Argonne [61] . A schematic of the facility is shown in Figure   2 . The injector was imaged with a spatial resolution of 1.17̀m per pixel and the three-dimensional geometry reconstructed using 'TomoPy', an open-source Python toolkit developed at Argonne [62] . Since the spectrum of the beam was known and the sample composition was relatively homogeneous, beam hardening artifacts
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were removed from the reconstructions through a lookup table, which converted the measured intensity to an equivalent path length of iron.
Sample cut-planes through features of interest in the Spray G injector are shown in Figure 3 . Eleven key dimensions were identified which were deemed most critical to correctly modeling the flow inside and near to the nozzle, as per Figure 1c . These include the hole drill angle, inner hole length and diameters at 90 each end, the counterbore length and diameters at each end, the corner radii at the inlet to the inner hole and the counterbore fillet radius. Measurements of these parameters are shown in Table 2 . The lengths and diameters were computed by fitting elliptical profiles to the reconstructed intensity data along each hole, without isosurfacing, smoothing or interpolation. The major and minor diameters were averaged over several hundred measurement locations, as the holes were circular (no ellipticity, since the difference between major The most important variations between the holes were the inlet diameter and length. The spread between minimum and maximum inlet diameter was 2% of the mean, which equates to a 4% spread in hole cross-100 section area. Table 2 shows that all hole diameters are 7-12% greater than the design dimension. These values were in good agreement with optical microscopy measurements [24] . The inner hole taper was very small, To further investigate the metrology of the nozzle interior, the tomography data were post-filtered using a Chambolle algorithm [63] and isosurfaced using the 'Seg3D' software package [64] . The surface is shown in Figure 4 (a,c). The indicated co-ordinate system follows the SAE J2715 convention [60] with +z being the axial distance from the injector tip. The reconstruction clearly shows an uneven surface finish, which 110 matches optical microscopic metrology of the nozzle surface and hole region performed at Sandia ( Figure   4b ). This rough surface finish was found to include many of the interior surfaces, including the counterbores and nozzle holes, which were manufactured by EDM. The size of the surface features is on the order of 6 to 8̀m.
Defects on the order of 10̀m were also found inside several of the nozzle holes; see Figure 5 . These defects 115 are relatively large (5-6% of the hole diameter) and are located near the sharp inlet edges to the holes where cavitation and/or flow separation is expected [14] . Both the surface roughness and these hole-inlet defects are expected to have a significant effect on the internal flow, yet these have not been accounted for in numerical simulations. Isosurfaces which include these defects are available to modelers on request. This geometry has a higher resolution (by a factor of 4.3) and higher SNR than the previously published commercial CT data for these injectors [24] . A more detailed comparison of the various methods of characterizing injector geometries is a matter of ongoing research. 
Hydraulic and mechanical charaterization
The dynamics of the needle motion in Spray G injectors were measured under non-evaporative conditions using time-resolved x-ray phase contrast imaging at the APS 32-ID beamline at Argonne [65] . A detailed 125 explanation of the setup and methodology can be found in prior work [51, 66, 67] . In brief, the injector was mounted in a pressurized spray chamber at the Argonne conditions listed in Table 1 . A polychromatic x-ray beam was used to image the internal components of the injector at 120 kHz with a pixel resolution of 1.9̀m.
The motion of the needle was measured for 30 injections each at two locations and from three rotation angles of the injector body. Using image cross correlation and triangulation, the mean and standard deviation of 130 the three-dimensional translation of the needle was computed for several injection durations. The needle consists of a check ball which acts as the valve (see Fig. 3a ) which is attached to a stem that passes through the upper flow passage to attach to the spring and solenoid assembly. For clarity, we refer to the entire check ball and stem assembly as the needle.
The data were compared to rate-of-injection (ROI) data, in order to understand how deviations in needle 135 motion relate to flow rate transients. Measurements supplied by CMT and GM R&D were performed using standard long tube type rate meters (piezoelectric pressure measurement type) . The total injection rate from all the holes (mg/ms) was measured against injection pressure over time. There were no significant variations in the hydraulic setup between facilities. To complement these measurements, a measurement of initial ROI was also obtained from time-resolved x-ray radiography [45] , which is discussed in more detail in 140 the following section. While the emerging tip of the spray is inside the measurement region, the total fuel injected can be integrated. The time derivative of this quantity provides an independent check of initial ROI.
Spray momentum (ROM) was determined using a test rig originally designed for measuring rate of momentum on Diesel injectors [18] . The injector was fitted in a test chamber with ambient pressures up to 100 bar, and a piezo-electric force sensor was aligned with the axis of the spray. When the spray from the 145 injection event impacts the sensor, and under the hypotheses of perpendicular air entrainment and perpendicular projection of the spray after impact, the force registered by the sensor is the direct measurement of the momentum being given to the spray in the injection event. The spray momentum was measured using two different configurations [59] . Due to the low included angle, it was determined that the best method of measuring GDI injectors was a "frontal configuration", with the injector and the piezo-electric sensor in the 150 same axis. All of the plumes from the injection event were collected simultaneously. Given that the plumes were not impacting the sensor perpendicularly, a correction was made to account for the angle between the plumes and the sensor normal axis. The injector holder was designed with a hydraulic circuit that allowed temperature control of the body of the injector. The ROM experiments shown in this work were performed with an injector body temperature of 90 • C. However, rate of momentum measurements were checked for a in diesel ROI measurements due to the needle hitting the travel stop and are often considered artificial [67, 68] . This explains why the radiography and rate meter data do not agree for t < 0.2 ms. However, the 170 strong fluctuations in the radiography data suggest that this is not simply a measurement error. Moon et al. [69] have observed that multi-hole GDIs experience more pronounced transient fluctuations than diesel injectors, and propose that the low needle lift may be responsible for this phenomenon. Recent simulations [70] which reveal the complexity of the flow past the needle seat and in the sac support the hypothesis that GDIs exhibit strong and persistent transients in ROI under more realistic operating conditions. This is 175 supported by the observation that the transients can vary significantly between different injectors with the same nominal geometry, while the transients for a particular injector are highly repeatable during subsequent tests. However, caution must be taken in the interpretation of SOI transients in ROI data. The measurements are sensitive to the injector clamping mechanism; variations between facilities can result in SOI transient variations of the same order of magnitude as variations due to other sources.
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Figures 6a & 7a show that the needle wobble is small and has a relatively large uncertainty. The magnitude of the wobble is on the order of 2 to 4̀m. This corresponds to only one or two pixels of displacement in the x-ray images. The nominal minimum clearance between the sides of the needle and the guides (the maximum possible off-axis motion of the needle) is approximately 4̀m, so it is possible that the needle may be making physical contact with the guides. This will cause mechanical deflections which may affect ROI 185 measurements. However, higher resolution measurements will be required to confirm this. The wobble does not cause any appreciable change in the flow area into the sac. However, the motion may lead to asymmetric and time-varying inflow to the sac. This is a matter of ongoing investigation [58] .
3.3. Near-field spray structure and liquid penetration
Time-resolved x-ray radiography was used to quantitatively characterize the density distribution of the 190 plumes near the nozzle. Measurements were performed at the 7-BM beamline of the APS at Argonne [61] under the non-evaporative conditions listed in Table 1 . The principles of x-ray radiography and the experimental facility at Argonne are discussed at length in previous publications [44, 45, 71] . In brief, a monochromatic x-ray beam of mean energy 8 keV is focused to a 5µm × 6 µm ( full width at half maximum) spot using a pair of x-ray focusing mirrors. The beam passes through a line of sight in the spray and the 
where I 0 is a reference intensity and µ is the relative absorption coefficient of the liquid fuel, adjusted to allow for displacement of the ambient gas in the chamber. The absorption coefficient is determined via calibration A key feature of note in these GDI injectors relative to diesel sprays [45] is the rapid drop-off in projected mass with distance from the injector orifice due to rapid mixing with the ambient. This can be quantified by measuring the evolution of the mass-averaged velocity of the spray. During steady state, the projected mass from x-ray radiography can be used to measure the relative change in the mass-averaged velocity V ma 210 by comparing the transverse integrated mass (TIM) of the spray at some axial location z to the value at the nozzle exit [72] ;
TIM(z, t) (µg/mm) = M (y, z, t)dy.
At steady state, there is no accumulation of mass in the domain, so changes in the time-average steady-state TIM can be directly related to relative change in mass-averaged axial velocity with axial position [72] . The results are shown in Figure 9 . A non-dimensional length scale is used on the horizontal axis to account for 215 variations in the ambient to liquid density ratio (ρ a /ρ l ) and effective jet diameter d eff ;
This length scaling is typically used to describe the evolution of turbulent gas jets [73] . Kastengren et al. [72] have shown that under some conditions it can be used to collapse the effects of density ratio on spray width for diesel sprays. The effective diameter is determined by the geometric diameter and exit area coefficient
, where C a has been measured by Payri et al [19] . The data in Fig. 9 are compared to 220 the same quantity measured for the ECN Spray A single-hole diesel injectors, which were operated at 1500 bar injection pressure and 20 bar ambient pressure with n-dodecane at room temperature [45, 51] . In nondimensional terms, the velocity decay rate is approximately 4 times faster for Spray G than for Spray A. The steady state absolute exit velocities V e for Spray G are 104 ± 3 m/s, compared to 553 ± 6 m/s for the Spray A injectors [45] . This velocity is calculated from the rate of injection and TIM values at 0.1mm from the 225 nozzle exit.
Liquid penetration measurements for Spray G are shown in Fig. 10 . We compare the x-ray radiography to DBI and Mie scattering measurements [24] ; good agreement was observed within the uncertainty ranges [45, 51] at P inj =1500 bar, P amb =20 bar (open circles).
spray consists of eight closely-spaced plumes, the leading edge of the spray is more diffuse than the upstream regions because of plume-to-plume variations in penetration speed. ensemble-average density fields for long (2.5ms) injections [75] . The three tomography planes are shown in Fig. 11 , averaged over the steady part of the injection. The hole numbers are indicated on the plot, with the electrical connector pointing upward and the plume velocity heading into the page.
The major feature of note in Fig. 11 that is not apparent in the planar radiography (Fig. 8a-b) is that the left-side plumes (1-5) have higher peak densities than the right-side plumes (6) (7) (8) . As the density field 245 is computed tomographically from projections of the spray made from multiple angles, there is no spatial bias in the reconstruction that might generate such an asymmetry artifically. The plume shapes are also slightly nonuniform, suggesting weak asymmetry. This was quantified by computing both the total plane TIM (eqn. 3) and the TIM for the individual plumes; TIM plume (µg/mm) = ρ dA plume . The plume centroids were located and circular regions of equal size were integrated around each plume, capturing at 250 least 95% of the total mass. This method was chosen in order to isolate the spray plume cores from the liquid which accumulates in the space between the plumes over time. The TIM data are shown as a function of time in Fig. 12a . The spread from highest to lowest plume is significant, being about ±17% of the mean.
We also normalized the TIM values by the total to obtain a fractional distribution of the injected mass into Figure 10 : Spray G liquid penetration measurements from x-ray radiography (solid squares), DBI and Mie scattering [24] . each plume; this is shown in Fig. 12b . The weakest plume has 11% of the total mass, and the strongest has 255 15%. Fig. 12b also shows time-averaged mechanical patternation data supplied by Delphi for this injector (horizontal dashes). The patternation data were collected much further downstream (50 mm vs. 2mm for the radiography), and measure mass flux rather than density. However, the measurements correlate well; the per-plume spread in mass flux from patternation is very close to the per-plume spread in TIM.
There is no statistically significant correlation between the distribution of TIM between the plumes (Fig.   260 12) and the diameters of the inner holes (Tab. 2). This may be due to the small sample size, but it suggests that the hole discharge coefficients are unequal, not just that the hole sizes vary. The mechanism behind this variation is not yet fully understood, as there is presently insufficient information to be able to quantify the individual holes' discharge coefficients. Recent modeling efforts suggest that strong vortical structures in the sac may play an important role [58] . Further investigation with a larger sample size (more injectors) will be 265 required to determine whether a significant correlation exists. The angles of the plume centers relative to the z (injector body) axis were measured at the three tomog-270 raphy plane locations by tracking the plume centroids from the inner hole entrance plane. Here, we define 'plume angle' as the angle between a line from the hole axis at the exit plane to the plume's center of mass at a given axial distance to the z axis of the injector body. This refers to the targeting of a plume with respect to the injector body axis , and is not to be confused with the cone angle (spreading of an individual plume). Averaging across all 8 plumes, Figure 13a shows that the plume angles relative to the axis of the 275 injector body are consistently smaller than the drill angles (Tab. 2). The plumes also tend to bend inward as distance from the nozzle increases.
We propose that there are two phenomena causing this reduction in plume angle. The reduction in
Figure 11: X-ray radiographic tomography of density field in x − y planes, temporally averaged from t=0.17 to 2.4ms.
angle with distance from the nozzle suggests an entrainment-driven effect, possibly due to lower pressure in the core of the spray. The large difference in angle nearer to the injector relative to the hole drill angle 280 may be explained by simulation results of the flow inside the nozzle holes. Figure 13b shows a cut-plane of velocity through one hole of Spray G. The simulation was performed using a homogeneous relaxation model (HRM) with compressible three-phase flow (liquid and vapor fuel, and non-condensable ambient gas) and a k-ǫ turbulence model. Further details may be found in previously published work [76] . The simulation shows separation of the flow from the nozzle wall due to the large turning angle. The hole L/D is sufficiently 285 short that the flow does not straighten before it exits the hole, and as such the momentum is angled inward by approximately 5
• relative to the drill angle. Similar results have been obtained from other simulations [77, 78] . The x-ray measurements were conducted at a lower temperature than the Spray G specification (Tab. 1). Since spray collapse is a strong function of temperature, we need to investigate whether the same phenomenon occurs at higher temperatures. This is discussed in the following section. (a) Plume-averaged vectoring of sprays from x-ray radiography data at three axial distances from the nozzle, comparing to hole drill angle range. 
Spray entrainment and mixing measurements
To study the behavior of Spray G under the nominal conditions (Table 1) , phase-doppler interferometry (PDI) measurements were conducted by GM R&D, and these were compared against diffuse backlit illumination (DBI) images of the spray collected at Sandia National Laboratories. The results are shown in Figure   14 . PDI data were collected along a radial profile 15 mm downstream of the nozzle, as indicated by Figure   295 14a. Both axial and radial velocity components of the plumes were measured in space (horizontal axes) and time (vertical axes). The radial profiles (Fig 14b-c) reveal a time-dependent shift in the location of peak velocity (indicated on the plots by the arrows). This indicates an inward movement of the plumes as the injection proceeds.
To confirm that the movement of the peak velocity was indicative of a movement of the spray axis, the 300 plume angles were also calculated as a function of time from the DBI measurements. Fig. 14e shows a sample DBI image, at 0.448 ms after SOI. The plume axes are indicated by the blue lines. For the DBI measurements, the nozzle was rotated 22.5
• in the z axis to the 'secondary' orientation, as per Fig. 8b . The radial position of the plume at 15 mm from the DBI data has been overlaid on the PDI velocity magnitude in Fig. 14d (the DBI data is indicated by the white line). From this data, a plume angle vs. time was 305 calculated for both datasets and is shown in Fig. 14f . The peak velocity magnitude at each time has been used as the angle reference for the PDI data. We see a strong correlation between the peak velocity radius and the plume axis radius. Both measurements are decreasing with time, indicating inward motion of the plumes. The angle is more acute than the drill angle, indicating inward motion. The reduction in angle is larger than the lower-temperature x-ray measurements in Fig. 13a .
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Under the conditions shown in Fig. 14 , the plume angle is observed to be decreasing (Fig. 14f ) while the rate of injection (Fig. 6c) is relatively steady. A likely explanation for this behavior is that fuel is being transported into the space between the plumes due to entrainment of the ambient gas.
The effect of uneven plume-to-plume mass distribution on the later evolution of the spray was revealed by laser-induced fluorescence (LIF) measurements in Figure 15 . The data were collected at IFP Energies
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Nouvelles (France). The experimental methodology has been reported elsewhere [79] and therefore only a brief summary is presented here. The experiments were carried out in a high pressure vessel where a precombustion was used to reach Spray G ambient conditions. A fluorescent tracer, p-difluorobenzene, was added to the iso-octane fuel in small proportions (0.03% v/v). Its fluorescence was excited by a 266 nm laser sheet entering the vessel through a side window illuminating plumes 1 and 5 in the x − z plane . An 320 intensified ICCD camera equipped with a 292 ± 14 nm bandpass filter placed at 90
• was used for collection.
Measurements taken at several times after the end of injection (Fig. 15) for a single spray event reveal two important phenomena. Near the nozzle (z < 20 mm), spray collapse effects are dominant, as evidenced by the narrow spreading angle. We observe that the late collapse of the spray is consistent with the decreasing plume angle measured earlier in the injection (see Fig. 14f ). Collapse of the spray after the end of injection 325 is distinct from collapse of the plumes during injection, as it is driven primarily by the momentum of the injected charge in the far field and the resulting entrainment, rather than the dynamics of the plumes in the near field. The second phenomenon of note in Fig. 15 is that that the mass distribution is consistently skewed in the −x direction. The asymmetries correlate with variations in plume density measured much closer to the nozzle (Fig. 12) . We propose that these variations promote an uneven distribution of fuel, 330 which are amplified by mixing and entrainment, and continue to dominate the mixing process well after the end of injection. These mixing variations can in turn have a measurable effect on combustion; Blessinger et al. [23] have shown how this can affect equivalence ratio. Observations drawn from Fig. 15 are preliminary, as more data is needed to understand the significance of shot to shot variation on the post-injection mixing process. This is a matter of ongoing research. 2. X-ray radiography measurements indicate that the integrated density of the plumes can vary by up to 345 ±17% about the mean value, with the weakest plume having only 11% of the total integrated density and the strongest having 15%.
3. The plume-to-plume density variations revealed by X-ray radiography show no correlation with variations in the hole geometry.
4. X-ray radiography revealed that the spray's mass average velocity decays approximately 4 times faster (in non-dimensional terms) than the Spray A diesel injector. It remains a matter for future work to determine how the closely-spaced nature of the plumes affects penetration development.
The plumes' centers of mass had targeting angles up to 5
• smaller than the hole drill angles with respect to the injector body axis . Simulations suggest that this is due to the radial momentum of the flow entering the hole from the sac, which is highly asymmetric. It is possible that the holes are not 355 completely filled with liquid, and this implies that the boundary conditions at the holes are complex.
6. The plumes were found to have a decreasing targeting angle with increasing distance from the nozzle and increasing duration of injection. DBI, PDI and x-ray radiography data all reveal a time-dependent motion of the plumes toward the nozzle centerline. This agrees with the decrease in momentum flux over time reported by Payri et al [59] . The effect is stronger at higher temperature. Since the spray targeting 360 and rate of injection remain constant, this indicates that fluid is moving toward the centerline. This suggests the presence of a low-pressure region between the plumes, which may promote spray collapse.
As a result, the spray does not have a true 'steady state'.
The reduced included angles between the plumes, the increased mixing with both time and distance from the nozzle, and the bias in included angle due to the vectoring of the plumes at the hole exits are factors 365 than could contribute to the phenomenon of spray collapse. With larger injection durations and penetration depths, the probability of spray collapse will increase.
The ECN Spray G injectors were selected to be representative of typical GDI designs, and the specific injectors were selected from a matched set based on their patternation and ROI performance. It is likely that many of the off-design behaviors observed in Spray G are typical of many GDIs, rather than being unique to 370 these injectors. The effects of small-scale geometric deviations and hole to hole variations indicate that the internal flow is complex and the nozzle exit boundary conditions are complex and time-varying. This points toward the need for transient simulation efforts which include the details of the internal nozzle geometry.
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